A few types of extreme climate events in the North Atlantic region, such as heatwaves, cold 10 spells or high cumulated precipitation, are connected to the persistence of atmospheric 11 circulation patterns. Understanding or attributing those extreme events requires assessing 12 long-term trends of the atmospheric circulation. This paper presents a set of diagnostics of the 13 intra and interannual recurrence of atmospheric patterns. Those diagnostics are devised to 14 detect trends in the stability of the circulation and the return period of atmospheric patterns. 15
and stormy 25 winter 2013/14 [Huntingford et al., 2014; van Oldenborgh et al., 2015] were dominated by 26 persistent high-pressure systems over the Azores and the Mediterranean sea, respectively. The 27 low-wind month of December 2016 was dominated by a persisting high pressure center over 28
North-Western Europe [Vautard et al., 2017] . The warm summers of 2003 and 2015 in 29 Europe were associated with either a persisting blocking pattern over Scandinavia or Atlantic 30 low conveying warm air into Europe from North Africa. Therefore it is difficult to claim that 31 a given atmospheric pattern has dominated during recent years to create such climate 32 extremes. However it has been speculated that the amplitude of atmospheric patterns is 33 changing, in particular through a connection between Arctic sea-ice cover and meanders of 34 the jet stream [Francis and Vavrus, 2012; Petoukhov et al., 2013] . The statistical significance 35 of such a trend as well as the relevance of the evoked mechanisms has been debated [Barnes, 36 2013; Screen and Simmonds, 2013a; b] . 37
The mid-latitude atmospheric variability is characterized by a baroclinic instability of the 38 zonal flow [Hoskins and James, 2014] . This instability grows into Rossby waves. It has been 39 argued that the excitation conditions those Rossby waves have increased in the past decades 40 [Petoukhov et al., 2013; Petoukhov et al., 2016] . 41 [Faranda et al., 2016] studied how unstable fixed points of the extra-tropical atmospheric 42 circulation correspond to blocking patterns. [Faranda et al., 2017] investigated the local 43 dimension of North Atlantic atmospheric circulation, and examined the implications for 44 predictability in the winter season. 45
In this paper, we analyze recently observed trends in the surface North Atlantic circulation in 46 winter and summer. We examine trends in the intra-seasonal recurrence of flow patterns by 47 introducing the notion of recurrence "networks" within a season. The interannual pattern trend 48 is examined by the probability of detecting good analogues of circulation. Those intra and 49 inter annual diagnostics allow to detect emerging properties of the atmospheric circulation. 50
Data and Methods

51
We use the reanalysis data of the National Centers for Environmental Prediction (NCEP) 52 [Kistler et al., 2001] between January 1948 and March 2017. We consider the sea-level 53 pressure (SLP) over the North Atlantic (80W-30E; 30-70N). One of the caveats of this 54 reanalysis dataset is the lack of homogeneity of assimilated data, in particular before the 55 satellite era. This can lead to breaks in pressure related variables, although such breaks are 56 mostly detected in the southern hemisphere and the Arctic regions [Sturaro, 2003] . 57
The first concept we develop is the intra-seasonal recurrence of atmospheric patterns for the 58 winter and summer seasons (December-January-February (DJF) and June-July-August (JJA)). 59
The temporal autocorrelation (number of days with an autocorrelation significantly above 0) 60 of SLP around the North Atlantic is close to 5 days on average [Yiou et al., 2012] . If the 61 atmospheric circulation fluctuates around a given state on time scales that are longer than 5 62 days, this might not be reflected by the sample autocorrelation. Beyond the formal 63 persistence, we are interested in the fact that the atmosphere could come back to a given 64 pattern, after a significant disturbance. This identifies a recurrent ---although unstable ---65 state of the atmosphere, potentially corresponding to a wave excitation. We adopt two ways 66 of measuring the intra-seasonal recurrence of patterns within a season. 67
The first one is based on the analysis of weather regimes of the atmospheric circulation. The second approach to that concept is based on the similarity of intra-seasonal daily SLP 80 patterns. For each reference day within a season, we determine all the days of the same season 81 that yield a spatial rank correlation that exceeds a threshold . Here, we take = 0.5, which 82 corresponds to the 60 th percentile of all intra-seasonal sample correlation values. Hence, we 83 construct a "network" of resembling days, for each season. The dominating network is the one 84 that yields the largest number of similar patterns. This approach is akin to the dominating WR 85 analysis, but it does not constrain the geographical location of the recurrent weather pattern. 86
The fluctuations of the frequencies of the dominating WR or the "network" sizes help us 87 assess how the persistence of atmospheric patterns varies through time. Those two intra-88 seasonal quantities (frequency of dominating weather regime and size of dominating network) 89 allow investigating recurrent but potentially unstable patterns of the atmospheric circulation. 90
Those patterns do not need to be visited in spates of consecutive days. Those two approaches 91 are meant to determine the trend of intra-seasonal pattern recurrence. This concept is distinct 92 from the clustering index examined by [Faranda et al., 2017] , which focuses on the local persistence of the system. But the concept is complementary to the analyses of [Faranda et 94 al., 2016] because we identify unstable fixed points (in the phase space of the atmospheric 95 circulation) to which trajectories "try" to come back close to. 96
The second concept is the interannual recurrence of SLP patterns. The emergence (or 97 disappearance) of patterns is estimated from interannual analogues of circulation [Yiou et al., 98 2007 ]. For each day, we determine the best 20 analogues of circulation by minimizing a 99 distance to all days occurring in a different year, but at most 30 calendar days apart. Good 100 analogues have a distance that is smaller than a threshold ! corresponding to the 25 th 101 percentile of distance, and a spatial correlation that is higher than a threshold ! = 0.5 102 corresponding to the 75 th percentile of spatial correlations of all 20 best analogues. In practice, 103 the number of good analogues for a given day is always lower than 10 for such data. The period before 1948 does not yield any significant trend, but this could be due to the large 135 ensemble spread whose averaging smears out trends (not shown). 136
We identify five winters with the largest number of similar days (1969, 1989, 1990, 2010 and 137 2014) . The SLP patterns for those years are shown in Figure 3 . The winters that are identified 138 yield zonal (1989, 1990 and 2014) or NAO-(1969 and 2010) weather regimes. We also find 139 that the winters between 1948 and 2014 with more than 35 similar days are in one of those 140 two weather regimes. The extremely persistent winter patterns are the two phases of the North 141 Atlantic Oscillation, that generate either stormy and warm surface conditions (ZO regime), or 142 wet and cold conditions (NAO-regime) over Western Europe. 143
The five summers for which the recurrence is highest (larger than 25%) are mostly in the 144 Atlantic Ridge regime (4 occurrences) and Scandinavian Blocking (1 occurrence) ( Figure 2) . 145
By contrast, the five most frequent summer weather regimes (more than 45%) are the 146 Scandinavian Blocking (3 occurrences), Atlantic Ridge (1 occurrence) and Atlantic Low (1 147 occurrence). This shows that the maximum occurrence of a weather regime within a season is 148 disconnected from its interannual frequency: the summer AR regime is the most recurrent but 149 is not very frequent. Such high recurrence values do not occur after 2000. 150
The average number of good circulation analogues characterizes the recurrence of the patterns 151 in time. Hence, seasons with few good analogues can be considered as rare, while those with 152 many good analogues are typical. A trend in the number of good analogues indicates a shift in 153 the atmospheric circulation pattern, which might not be detectable in the frequency of weather 154 regimes. Figure 4 shows the time variations of the mean number of good intra-seasonal 155 analogues for the summer and winter. The winter series yields a small but significant positive 156 trend (0.1 analogue day per decade, p-value=8 10 -3 , Figure 4a ). This means that the daily 157 circulation patterns tend to become more clustered during the last decades, because the 158 circulation analogues become increasingly good.
6
The summer series yields a significant negative trend (-0.07 analogue day per decade, p-160 value=8 10 -3 , Figure 4b ). This means that the daily patterns have become individually more 161 exceptional, although not necessarily extreme, from the first part of the period to the second 162 part. The latter JJA decreasing trend does not hold for the last two decades , 163 which yield a slightly positive trend. Therefore, this trend can hardly be interpreted in terms 164 of a climate change signal, because it is likely to be influenced by decadal internal variability. 165
Discussion
166
The increasing trend of similar atmospheric patterns in winter started only recently, in the 167 1970s (Figure 1) . This trend means that the patterns become more clustered at the intra-168 seasonal scale, with a locking to the phases of the North Atlantic Oscillation. Trends in the 169 frequencies of those two weather regimes either bring prolonged episodes of snowfall to 170 Europe (like in 2010, with an NAO-phase), or prolonged stormy episodes and precipitation 171 episodes over northern Europe (like in 2014, with zonal circulation). The concomitant 172 increasing trend of the probability of finding a good winter circulation analogue (Figure 4a ) 173 suggests that the return periods of observed winters become shorter, so that winters tend to be 174 similar to already known winters. 175
The decreasing trend of similar weather patterns in the summer means that slow building 176 extreme events, such as droughts and heatwaves or cold summers, tend to be less frequent in 177
Europe. The concomitant decreasing trend of interannual pattern recurrence suggests that 178 summers become less similar to already known ones, although this trend is very small. 179
Those results can be interpreted in terms of an increase of predictability of the circulation in 180 the winter because the size of the dominating weather patterns increases. There would be no 181 such trend of predictability in the summer. Therefore, a prediction based on persistence would 182 have an increased skill in the winter. 183
Our analyses seem to contradict the hypothesis of increased winter mid-latitude atmospheric 184 meandering described by [Francis and Vavrus, 2012; Petoukhov et al., 2013] , because the 185 winters with the most recurrent weather types we detect have had rather low wave numbers at 186 the surface [Cattiaux et al., 2016] while they were associated to extremely warm and stormy 187 conditions (1989, 1990, 2014) or extremely snowy conditions (1969, 2010) (Figure 3 ). Arctic 188 sea-ice cover before those winters was either lower or above normal, and the meridional 189 gradient of potential temperature did not show a systematic feature for those five cases, due to 190 the fact that they correspond to opposite phases of the NAO. Yet, our analysis reaches similar 191 conclusions on the impacts on European surface winter climate, in that more persistent zonal 192 flows increase the probability of observing extra-tropical storms hitting Europe or extreme 193 precipitation amounts in Northern Europe, as in 1999/2000 and 2013/2014. Conversely, 194 prolonged spells of negative phase of the NAO in the winter increases the probability of 195 extreme precipitation (including snow) in Southern Europe, as in 1969 and 2010. Our 196 interpretation is that the atmospheric patterns that dominate during the winter tend to get 197 "trapped" for longer times, although they are not necessarily more stable. We propose a 198 conceptual model for this behavior, with an energy potential model in two dimensions with 199 four wells whose relative depth varies randomly from one year to the next. Daily 200 perturbations can force the system to shift wells, but at the end of the season, the deepest well 201 is the most visited. We find that the deepest well becomes deeper in the winter. 202
The same analyses (persistence of SLP patterns) were performed for the North Pacific region 203 and the whole Northern hemisphere extra-tropics (not shown). No trend is found on such 204 regions and scales. 205
Conclusion
206
In this paper, we have shown significant, albeit small, emerging trends of recurrence 207 properties of the atmosphere over the North Atlantic. Those trends point to increased 208 atmospheric predictability in winter. This is coherent with the small decrease of local 209 dimension reported by [Faranda et al., 2017] . The diagnostics we proposed have an 210 interesting potential to assess the atmospheric temporal variability of climate models, 211 especially for paleoclimates or future scenarios [Schmidt et al., 2014] . Our results can be used 212 to estimate a dynamical contribution in the attribution of extreme events [National Academies 213 of Sciences and Medicine, 2016; Shepherd, 2016; Yiou et al., 2017] , which is considered as a 214 small signal to identify [Shepherd, 2016; Yiou et al., 2017] . We have not determined the cause 215 of the winter circulation trends, which could be tied to internal variability [Cattiaux et al., 216 2016] , but this observed emerging trend has an effect on the event attribution process. 217
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